A study of the intra-body propagation channel between two identical tissue implanted antennas is presented. To investigate the effect of the tissue boundaries, the channel between the two implants is evaluated within a tissue layered numerical phantom with both insulated and un-insulated antenna structures in the MedRadio operating band (2.36-2.40 GHz). The results demonstrate how wave propagation between the antennas inside the same block of tissue is largely unaffected by changes in the peripheral surrounding tissues, irrespective of their material characteristics. On the contrary, propagation across tissue boundaries is affected by the boundary and the path distance within each tissue according to the dielectric parameters involved.
I. INTRODUCTION
An Intra-Body Network (IBN) involves the co-ordination of miniaturized implanted wireless medical devices operating within the human body. The implementation of IBNs enables faster and more efficient smart prosthetics that can restore movement for paralyzed patients and can help provide control over many vital body systems. The majority of previous research in the field of body area networks involves external channels to the body [1] . However, networking implantable devices is more challenging as the signals traverse the lossy dispersive body tissues and organs [2] . Therefore, despite their importance to the medical industry, there have been fewer and less detailed studies published for IBNs in comparison with the work done in other body area networks. Consequently, there is a need to investigate and better understand propagation between two or more implant antennas within the same host body. In this paper we utilize numerical modeling of the link between two identical antennas embedded within a multi-layered cylindrical tissue equivalent phantom and investigate the effect of tissue boundaries on the channel gain.
II. INTRA-BODY ANTENNAS AND PROPAGATION
The human body is a complex structure with many tissue interfaces and layers. A propagating wave that traverses tissue boundaries will suffer reflection, refraction and transmission losses according to several factors such as the different dielectric properties of the tissues, the boundary shape and the angle of wave incidence, all of which dramatically affect the path loss between implant antennas [2] . Wave absorption in high water content tissues can be quite significant, particularly for deep tissue implants [3] . Additionally, the nature of the tissues surrounding an implant antenna can affect its performance and its resonating frequency. Different tissues exhibit different dielectric properties and this may mean that antennas need to be modified or re-tuned each time the device's position changes with respect to the surrounding tissues. Of course, this challenge is somewhat mitigated by using multiresonance antennas [4] and to some degree by the required biocompatible insulating layer for the antenna. Insulation improves radiation efficiency as near field losses are reduced and it prevents the short circuit effect associated with highly conductive tissue materials such as skin and muscle [2] , [5] . Insulated antennas also have the advantage of being less sensitive to the dielectric properties of the surrounding medium [3] in terms of their current distribution and hence feed-point impedance. As well as being biocompatible, insulating materials for implant antennas should be low loss and one proposed material is polytetrafluorethylene with relative permittivity of 2.07 and conductivity of 0.25 S/m [3] .
III. NUMERICAL MODELING
A multi-layered cylindrical phantom model, consisting of three body tissues muscle, fat and skin, each with their specific dielectric properties, was used as the basis of the numerical modeling study. The simulations were performed in CST Microwave Studio® in three separate stages. In the first stage, three homogeneous tissue phantoms were created and the radiating field generated by an un-insulated bowtie dipole antenna considered. The bowtie dipole was designed so that it was matched in all three tissue types. In the second stage, the reflection coefficients and forward gain values were recorded for two identical un-insulated bowtie dipole antennas at various separation distances inside a multi-layered phantom. The use of the multi-tissue matched bowtie antenna ensured that the path gain results were not affected by changes in the physical volume of the antennas since in high permittivity materials such as muscle a resonant un-insulated antenna would be physically smaller and hence would be subject to higher propagation losses. In the third stage, the effect of antenna insulation is considered. Firstly, a cylindrical dipole was optimized to resonate in free space and then, by performing a numerical study within homogenous tissue phantoms, the thickness of vacuum insulation needed to preserve the same physical size of the antenna was determined. The same insulation thickness was used for the bowtie antenna, which was then re-optimized so that it was resonant in all three tissues.
A. Numerical Tissue Phantom
The human body consists of different tissue types that possess a significant heterogeneity and variation in electrical characteristics such as its conductivity, power absorption, path loss and permittivity [6] . Propagation between implant antennas is directly affected by the tissues which the signal passes through, as the power absorption (and hence path loss) are dependent on the thickness of each tissue and the presence of their boundaries. Therefore, a multi-layered cylindrical numerical phantom was designed with three tissue layers (muscle core, concentric fat mid layer and skin outer layer) similar to phantoms presented in [7] . The total diameter and height of the cylindrical phantom are always set at 400 mm but the thickness of each layer varies from one scenario to the other.
B. Frequency Band
Lower frequency bands restrict the available signal bandwidth while higher bands suffer from increased tissue absorption [8] . A relatively wide channel bandwidth is required to accommodate the future development of intelligent sensing systems and real time responsive medical systems and this has led to increased interest in higher frequency bands for implant applications. Higher frequency operation also allows the use of physically smaller antennas which is important for implantable applications. Therefore, the MedRadio Band (2.36-2.4 GHz) [9] was chosen for this study.
C. Antenna Design
The un-insulated broadband bowtie dipole antenna was chosen for the first stage and second stage of the study. Having a broader resonant bandwidth allows the antenna to exhibit the same physical size and resonant property when placed in the three different layers even when subject to loading by the medium's differing effective permittivity and wavelength [10] . This approach is needed for the second stage as one of the antennas changes position through the different tissue layers. The bowtie was designed by modeling it in the center of homogenous phantoms, one with each tissue type (muscle, fat and skin) and optimizing the dimensions accordingly to ensure that it was properly matched across the MedRadio band. This was achieved when the total height (h) and width (w) of the antenna was 60 mm and 20 mm, respectively, with a delta gap source ∂ = 0.2 mm. The thickness (k) of the perfect electric conductor (PEC) antenna was 0.2 mm and the physical design is similar to insulated version illustrated in Fig.1 . Table 1 presents the achieved | | for the un-insulated bowtie dipole antenna in each of the homogenous tissue phantoms. The tissue parameters are given in the table. The last stage of the analysis required insulated antennas. A cylindrical dipole antenna was first designed for free-space resonance in the MedRadio band with a radius of 0.1 mm and a total length of 55 mm. This was then modeled with different thicknesses of vacuum insulation to determine the optimum thickness at which the antenna's physical size remains constant in all tissues while still being matched across the MedRadio band. The resultant insulation radius (t) was found to be 1.8 mm (Fig. 1 ). This thickness of vacuum insulation was then also applied to the bowtie dipole antennas.
D. Simulation Scenarios
The implant to implant link study involves three main multilayer phantom scenarios. In the first scenario, the phantom has a muscle core with a radius of 140 mm, 40 mm additional radius of fat tissue (140 mm-180 mm) and 20 mm additional radius of skin tissue (180 mm-200 mm). The phantom design is not intended to be anatomically realistic. One antenna was positioned at the center of the phantom and the second antenna is positioned along a radial line starting at 10 mm separation and then incremented at 3 mm intervals. The top and bottom edges of the antenna are perpendicular as illustrated in Fig. 2 . In the second scenario as shown in Fig. 2 , both antennas were held at a fixed position inside the muscle layer; one at the phantom center and the second 90 mm away. However, this time the fat layer increases in thickness from 10 mm to 90 mm and the muscle decreases with the same interval so that the overall size of the phantom remains the same. This is achieved by moving the muscle/fat boundary from 100 mm radius to 180 mm with 10 mm intervals each time. The last scenario follows the previous one, except the second antenna is placed at 185 mm away from the first. Hence it stays inside the fat layer throughout the study. This provides insight about the effect of the boundary when the antenna is placed in different positions. In the third stage, the first scenario was repeated with the insulated cylindrical dipole and bowtie antennas and compared with the un-insulated bowtie dipole case.
IV. RESULTS

Stage 1:
The total electric field was evaluated for the uninsulated bowtie antennas inside the different tissue types (Fig.  3 ). This was compared with free space to highlight the effect of tissue dielectric properties on the radiating field. As expected the attenuation rate is less in the fat only phantom in comparison with all the other phantoms. While the muscle and skin have close attenuation rates which dominates the rate at which the electric field decays in a multi-layer phantom, the attenuation rate is also reduced when the electric field passes through the fat layer. Stage 2: Three different implant to implant scenarios were simulated for the un-insulated bowtie dipole antennas. Fig. 4 shows the forward path gain (| |) results obtained for Scenario 1 at different antenna separation distances (3 mm intervals). The points illustrated in blue, red, black represent the cases where the second antenna is within muscle, fat and skin tissue, respectively. The graph demonstrates how the gain decreases more rapidly in the muscle with almost 3 dB less gain for every 3 mm increase in separation. The slope in muscle tissue between 30 mm and 130 mm is -0.75 dB/mm, indicative of the relatively high attenuation factor at 2.38 GHz. Fig. 5 shows the results of the Scenario 2 simulation where both antennas are at a fixed separation of 90 mm within the muscle layer but the radius of the fat/muscle tissue boundary is adjusted. The graph illustrates that the gain remains virtually unchanged with the change in the fat layer thickness behind it. This indicates that the communication channel between the antennas is unaffected by the tissue boundary or its properties surrounding the channel. In Scenario 3 the second antenna was positioned within the fat tissue layer but very close to the fat/skin boundary at a radius of 185 mm. In contrast to the Scenario 2 case, the results in Fig.  6 show that as the fat thickness increases by adjustment of the muscle/fat boundary, the forward gain recorded decreases. Fig. 7 shows a comparison between the Scenario 1 results obtained for insulated and un-insulated ( Fig. 4) antennas inside the multi-layered phantom. As expected, the results show a decrease in the losses when the same antenna is insulated.
Additionally, the graph also shows the difference between using the bowtie antenna with the broadband characterstics and the dipole antenna when both are insulated. 
V. DISCUSSION
The results presented highlight the importance of the propagation channel between implanted antennas in an intrabody network. The electric field distribution from a single implant antenna (Fig. 3 ) is heavily dependent on the different dielectric properties of the tissue materials. The results confirm the effect of tissue boundaries on the field, as at every boundary (140 mm and 180 mm in the multilayer case), there is a significant reduction in the total electric field. When comparing the muscle phantom with the multi-layered phantom, as expected, the electric field behaves the same even until it passes into the next tissue. Additionally, as shown in Fig. 4 , at tissue boundaries there is a reduction in the forward path gain between two identical antennas. Moreover, the results also highlight the difference in the gain obtained from the three different tissue types as there is an increase in the gain as the second antenna suffers lower near field losses in the less conductive medium of fat tissue which is also visible with the insulated antennas presented in Fig. 7 . In Fig. 5 the path gain is affected by a tissue boundary beyond the direct path between the antennas, even when one of the antennas is only 10 mm from the boundary. Fig. 6 illustrates the effect of a variable muscle/fat boundary for two antennas at a fixed distance apart. The decrease in the gain as the position of the boundary increases indicates that the increase in the path length in the more lossy muscle tissue causes more signal attenuation, but the results also show some boundary reflection effects as the pattern is not strictly linear (in dB terms). The offset in the results in Fig. 7 illustrates how the insulation layer improves the initial near-field tissue losses for both antennas in an IBN link. Moreover, the bowtie antenna behaves better than the dipole when both are insulated mainly due to its larger physical dimensions. However, as expected the results for all antennas follow the same path-loss trend since the attenuation constants remain unchanged in the same phantom.
VI. CONCLUSION
This numerical study of implant to implant antenna links demonstrates the effect of different tissue boundaries both within and outside the intra-body channel. For the cases considered, the high attenuation rate in muscle tissue at 2.38 GHz ensures that the dominating factor in the IBN channel is the direct path. This is confirmed by the results that show that changes in tissue boundaries beyond this direct path have little effect on the forward path gain. Future work will consider the effect of orientation of the bowtie antennas with respect to each other. The current work was conducted for the MEDradio band but the analysis should be extended to other potential operating frequencies to establish the general principles for IBN links. These studies will also support the development of new antenna concepts for IBN applications. Finally, the work should be experimentally validated in a suitable phantom test bed.
